Oxidation of Mn(II) ions in model drainages by a fungus genetically related to Phoma sp. was carried out in the presence of polyacrylonitrile-based carbon fiber, pitch-based carbon fibers formed at different heat treatment temperatures, and bamboo charcoal, aiming to understand the morphological effect of carbon materials on the microbiological activity of the manganese-oxidizing fungus. From the experimental results obtained so far, it was reasonably concluded that only carbon fiber accelerates the oxidation of dissolved Mn(II) ions by this fungus. When the carbon fiber shortened below certain length, the promoting effect was lost. The results strongly suggest that the shape of carbon, specifically the fibrous shape having flexibility, is a crucial factor in the promoting effect on the manganese oxidation by the present fungus.
Introduction
Carbon fiber has been found to show promoting effect on the proliferation of microorganisms in aqueous media, such as activated sludge, 1, 2) and also on the propagation of waterweeds 1, 2) and seaweeds. [1] [2] [3] [4] Small scale test runs in ponds, lakes, sewage plants, and marine environments in Japan [1] [2] [3] [4] showed that carbon fiber is a potentially useful material for the practical solution to environmental problems. We have been studying the removal of dissolved Mn(II) ions from mine drainage by bioremediation because this technique is applied to neutral media at a reasonable cost, and is less harmful to environment. It was found that commonly known manganese-oxidizing bacteria, Leptothrix discophora, were not useful, since they were too delicate to apply to practical purposes, and that carbon fiber did not show significant effect on the microbiological activity. 5) By going on with this project, we discovered a new species of fungus genetically related to Phoma sp., which showed good oxidation ability of Mn(II) ions to remove them from model drainages at pH 7.3. 6) This fungus can remove Mn(II) ions from actual mine drainages effectively, and a paper concerned with this is under submission separately. In addition, the presence of polyacrylonitrile-based (PAN-based) carbon fiber shortened the time for removal to less than half compared with the absence of the fiber.
6) It should be noted here that when the fungus is not inoculated Mn(II) ion concentration in the model drainage does not change with or without PAN-based carbon fiber, 6) that is, the removal of Mn(II) ions is solely by fungal oxidation and neither by adsorption nor chemical oxidation. In contrast, poly(ethylene terephthalate) fiber of similar diameter and the unwoven carbon fiber cloth derived from acryl fiber felt showed no effect at pH 7.3.
7 ) The results suggest that a shape as well as material (carbon) is important to expect the promotion of microbiological activities. Recently, we have found that this fungus shows highest manganese-oxidizing ability in the pH 6.8-7 region. In the present work, oxidation of Mn(II) ions in model drainages at pH 6.8 and 7.3 was carried out in the presence of PAN-based carbon fiber, pitch-based carbon fibers formed at different heat treatment temperatures, and bamboo charcoal, aiming to understand the morphological effect of carbon materials on the microbiological activity of this fungus.
Experimental
Details of isolation and culture of the fungus are described elsewhere. 6) Three types of commercial pitch-based carbon fiber formed at 1150, 1500 and 2800 C were used: the 2800 C fiber is practically graphite fiber. The shape was similar to the PAN-based one previously used; 6) a 2-3 mm wide yarn tape with the single fibers of about 7 mm in diameter. Sizing agents on the fiber surface were removed by heating at 500 C for 2 h in air: This pretreatment is the same with that applied to the PAN-based fiber and the unwoven carbon fiber cloth previously used. 6, 7) With this pretreatment, the surface became hydrophilic. The surface state of each substrate may not differ because the above condition is sufficiently oxidative. As the PAN-based carbon fiber neither adsorbs nor catalytically oxidizes Mn(II) ions, 6) it is not necessary to consider such factors in the case of pitch-based carbon fiber, either. The 20-30 cm long fiber yarn was tied into a loop to avoid loose threads during experiments, except for the pitch-based fiber formed at 2800 C, which was too fragile to tie due to high degree of graphitization. Bamboo charcoal was the commercial one derived from mousou bamboo at 1200 C and had a surface area of 700 m 2 g À1 by nitrogen adsorption. It was smashed into rod shapes of a few centimeters in length and washed in distilled water.
The composition of model drainage was as follows: MgSO 4 Á7H 2 O 0.6 g, CaCl 2 Á2H 2 O 0.07 g, peptone 0.05 g, yeast extract 0.05 g, and pH-buffering agent 0.15 mol, per 1 dm 3 of distilled water. Here, peptone and yeast extract are organic nourishments for the fungus. This drainage was sterilized by autoclaving at 120 C for 15 min, then the filtersterilized MnSO 4 Á5H 2 O solution was added as a Mn(II) ion source and the solution pH was adjusted to a desired value.
The initial Mn(II) ion concentration was 60 mg dm
À3 in the present work. The pH-buffering agent was piperazine-N,N 0 -bis(ethanesulfonic acid) (PIPES, pK a ¼ 6:80) for pH 6.8 and N-2-hydroxyethyl-piperazine-N 0 -2-ethanesulfonic acid (HEPES, pK a ¼ 7:55) for pH 7.3. The pHs were adjusted with a diluted NaOH solution. A 500-cm 3 Erlenmeyer flask was filled with 150 cm 3 of the model drainage, and a bundle of carbon fiber or 10 g of bamboo charcoal were added. Then, 0.75 g (wet weight) of fungus, which was cultured in the standard medium, 6) was inoculated into each flask. All oxidation experiments were carried out in a rotary shaking culture-apparatus operated at 75 rpm at 25 C and for maximum 250 h under light shielding. At timed intervals, the surpernatants were sampled, membrane filtered to 0.22 mm, and appropriately diluted with 1 mol dm À3 hydrochloric acid. Dissolved Mn(II) ions were determined by atomic absorption spectrometry. Experiments without carbon materials (blank experiments) were carried out similarly. The oxidation experiments with a set of four flasks were simultaneously carried out for each experimental condition, and the averages were indicated. Ranges of one standard deviation of measured data were shown as error bars.
The carbon materials after the oxidation experiments were observed by a scanning electron microscope (SEM, JEOL JSM-6300F) at 3 kV.
Results and Discussion
The dissolved Mn(II) ion concentration, c Mn(II) , decreases with time by the fungal oxidation due to formation of MnO 2 as the final products.
6) Time-variations of c Mn(II) at pH 7.3 with bamboo charcoal or PAN-based carbon fiber, and without carbon materials are shown in Fig. 1 , where the data in the presence of carbon cloth are also indicated from the previous paper 7) for reference. Curves for the presence of PAN-based carbon fiber and the blank experiment are the present results that agree with those in the previous papers 6, 7) within the experimental error, indicating that oxidizing ability of the fungus is not changing. It is obvious that only the PAN-based carbon fiber accelerates the oxidation of Mn(II) ions by the fungus: c Mn(II) becomes less than 10 mg dm À3 , which is the maximum concentration limit (MCL) for dissolved manganese by the Standard for Discharge of Wastewater in Japan, within 84 h in average. It takes more than 175 h with other carbon materials or without carbon materials. The bamboo charcoal has many large spaces, which are much larger than the fungal body, but they were not inhabited by the fungus, as shown in Fig. 2(a) . In addition, deposits on the charcoal surface observed in the middle part of Fig. 2(a) do not show characteristic morphol- ogy of fungus entangled in the carbon fiber as shown in Fig. 2(b) and (c), which were taken after the experiments at pH 6.8 described below. Although the surface area of this bamboo charcoal is not very large (700 m 2 g À1 ), it is reasonably concluded that commonly used activated carbons will not show the effect displayed by the carbon fiber.
Time-variations of c Mn(II) at pH 6.8 with or without carbon fibers are shown in Fig. 3 . The oxidation rate at pH 6.8 is much higher than at pH 7.3: The average time needed to satisfy MCL is 80 h in the blank experiment. With the PANbased carbon fiber and two types of pitch-based carbon fiber formed at 1150 and 1500 C, it takes shorter to fall below MCL and nearly the same time of 51-55 h. Although oxidation behavior of the initial incubation time is different, these three types of carbon fiber have similar promoting effect on the oxidation of Mn(II) ions by the fungus. In the carbon fiber the fungus entangles as shown in Fig. 2(b) and (c), similarly to the results at pH 7.3 reported previously. 6, 7) With the pitch-based carbon fiber formed at 2800 C, however, the oxidation behavior is peculiarly different from others: c Mn(II) decreases similarly to the case of PAN-based one up to 40 h, but the oxidation rate does not increase further and eventually decreases. Consequently, the time needed to satisfy MCL becomes similar to that in the blank experiment, 77 h in average.
Observation of the flask content during the experiments revealed particular changes of carbon fiber only for the 2800 C pitch-based one. Photographs of the Erlenmeyer flask during time of experiment are shown in Fig. 4 . At the beginning of experiment the fiber bundle is present around the periphery of flask bottom (ca. 10 cm in diameter) as shown by the arrow in Fig. 4(a) , owing to spring-like property of graphitized fiber. Dark and irregular shaped ones are colonies of fungus inoculated. After 24 h, fungus is entangled in the fiber, but the fibers break into shorter ones by rotary shaking as indicated by the arrow in Fig. 4(b) . Fibrous carbon cannot be recognized after 48 h (Fig. 4(c) ) and at the end of experiment, after 144 h, broken pieces are settled in the bottom and some of them form spongy aggregates with fungus ( Fig. 4(d) ). The image in Fig. 4(d) is a little vague but the bottom looks shadowy with carbon pieces. SEM images of these sediments are shown in Fig. 5 . It is clear that the fibers break into pieces of a few hundreds to a few tens micrometer long, and the fungus just deposits on the pieces similar to the case of bamboo charcoal in Fig. 2(a) . The oxidation behavior in Fig. 3 is parallel to this morphological changes of the fiber, that is, the oxidation rate becomes lower after 24 h compared with the cases of other fibers and the concentration change is similar to that of the blank experiment after 70 h. It is reasonably concluded that the promoting effect of carbon fiber disappears when the fiber becomes shorter than certain length. There is a possibility that flexibility of fiber is also a significant factor and the critical length may different for different carbon fibers.
The above results strongly suggest that the shape of carbon, specifically the fibrous shape having flexibility, is the most important factor in the promoting effect on the manganese oxidation by this fungus. It was reported that fiber composed of other materials than carbon was less effective or showed no effect on sewage water treatment with activated sludge. 1, 2) In the case of activated sludge, a particular effect appeared as very rapid proliferation of microorganisms, 1, 2) but in the case of the present fungus the promoting effect on proliferation was not prominent or minimal. 6) At present, the reason why carbon fiber shows such promoting effect on the microbiological activities is not clarified reliably, though some papers have claimed the origin to be biosonic effect. 8) We have found two other manganese-oxidizing fungi which are genetically far from and show higher activities than the present one.
9) The promoting effect of carbon fiber on manganese oxidation, however, was less marked on them. It will be reported in detail separately.
Conclusion
With the manganese-oxidizing fungus genetically related to Phoma sp. the oxidation of Mn(II) ions in model drainages at pH 6.8 and 7.3 was carried out in the presence of PANbased carbon fiber, pitch-based carbon fibers formed at different heat treatment temperatures, and bamboo charcoal, aiming to understand the morphological effect of carbon materials on the microbiological activity. Bamboo charcoal did not show any effect on the oxidation of Mn(II) ions by the fungus. In the presence of carbon fibers, 60 mg dm À3 of dissolved Mn(II) ions were reduced below 10 mg dm À3 after 51-55 h at pH 6.8, whereas it took 77 h in the blank experiment. Including the results with other materials previously found, 7) it was reasonably concluded that only carbon fiber accelerates the oxidation of dissolved Mn(II) ions by this fungus. Graphitized carbon fiber showed promoting effect on the oxidation by fungus initially, but the effect disappeared when the fiber became shorter than certain length by rotary shaking used for the experiments. The results strongly suggest that the shape of carbon, specifically the fibrous shape having flexibility, is the most important factor in the promoting effect on the manganese oxidation by the present fungus.
